Two groups of compounds were selected for microbial transformation studies. In the first group were carboxylic acid esters having a fixed aromatic moiety and an increasing length of the alkyl component. Ethyl esters of chlorine-substituted carboxylic acids were in the second group. Microorganisms from environmental waters and a pure culture of Pseudomonas putida U were used. The bacterial populations were monitored by plate counts, and disappearance of the parent compound was followed by gas-liquid chromatography as a function of time. The products of microbial hydrolysis were the respective carboxylic acids. Octanol-water partition coefficients (Kow) for the compounds were measured. These values spanned three orders of magnitude, whereas microbial transformation rate constants (kb) varied only 50-fold. The microbial rate constants of the carboxylic acid esters with a fixed aromatic moiety increased with an increasing length of alkyl substituents. The regression coefficient for the linear relationships between log kb and log Kow was high for group 1 compounds, indicating that these parameters correlated well. The regression coefficient for the linear relationships for group 2 compounds, however, was low, indicating that these parameters correlated poorly.
Two groups of compounds were selected for microbial transformation studies. In the first group were carboxylic acid esters having a fixed aromatic moiety and an increasing length of the alkyl component. Ethyl esters of chlorine-substituted carboxylic acids were in the second group. Microorganisms from environmental waters and a pure culture of Pseudomonas putida U were used. The bacterial populations were monitored by plate counts, and disappearance of the parent compound was followed by gas-liquid chromatography as a function of time. The products of microbial hydrolysis were the respective carboxylic acids. Octanol-water partition coefficients (Kow) for the compounds were measured. These values spanned three orders of magnitude, whereas microbial transformation rate constants (kb) varied only 50-fold. The microbial rate constants of the carboxylic acid esters with a fixed aromatic moiety increased with an increasing length of alkyl substituents. The regression coefficient for the linear relationships between log kb and log Kow was high for group 1 compounds, indicating that these parameters correlated well. The regression coefficient for the linear relationships for group 2 compounds, however, was low, indicating that these parameters correlated poorly.
Structure-activity relationships have been used for many years in developing and designing drugs and pesticides. In pesticide design, for example, they are used to evaluate the most effective substituents of a molecule on the target organism, such as the effects of chain branching in phenoxyacetic acid esters on weeds (3). Our interest, however, resides in defining the effect of substituents on the kinetics of microbial transformation of chemical compounds. Quantitative relationships between microbial rate constants and the physical or chemical properties of a group of congeners have been reported for selected pesticides (18) , phthalates (18) , and phenols (10, 11). Using these relationships, environmentalists have a powerful tool to assess the fate and effects of existing and new organic compounds in aquatic systems.
To illustrate the relation between microbial transformation and hydrophobicity of a molecule, we selected two groups of compounds for these studies. In the first group were carboxylic acid esters of a fixed aromatic moiety (2,4-dichlorophenoxyacetate [2, with an increasing length of the alkyl component. In the second group were ethyl -esters of chlorine-substituted phenoxyacetic acids. This report presents kinetic data on the microbial transformation for a series of these compounds. Correlations of rate constants with hydrophobicity are also illustrated. Octanol-water partition coefficients and water solubilities.
Octanol-water partition coefficients (KMO) were calculated by the procedures of Karickhoff and Brown (5) . Analyses of the two phases were carried out by gas-liquid chromatography of the isooctane extract of the aqueous layer and the octanol layer after dilution with hexane. Water solubilities of the esters were determined under sterile conditions by using a specially constructed vessel described previously by Perdue and Wolfe (13) . Aqueous samples were extracted with isooctane and analyzed by gasliquid chromatography.
Design of degradation experiments. For pure culture studies, P. plutida was cultured in 1-liter Erlenmeyer flasks containing 500 ml of dilute (1:10) nutrient broth that had been autoclaved at 121°C for 15 min. After 24 h, bacteria were harvested, washed three times with sterile dilution water, and suspended in 1 liter of basal salts medium (pH 6.7) as described previously by Payne and Feisal (12) . About 200 ml of the suspension was transferred to each of five 500-ml flasks. Sterile basal salts medium served as a control for abiotic processes. Approximately 200 ml of each environmental water sample was transferred to each of five 500-ml flasks. Filtersterilized environmental water samples served as controls for abiotic processes.
A 10-to 20-pl acetone solution of each compound was used to introduce the test compound into four nonsterile flasks and one sterile flask. Flask 6 served as a control to detect changes in bacterial population not due to the presence of the xenobiotic. Flasks were incubated at 25°C in a temperature-controlled shaker. Bacterial concentrations in the selected water samples ranged from 5 x 107 to 1 x 109 organisms per liter. Concentrations of 0.01 and 0.001 mg/liter were used for all of the compounds except the ethyl ester of 4-chlorophenoxyacetic acid, for which concentrations of 0.1 and 0.01 mg/liter were used. All experiments were short term (not longer than 48 h), and the bacterial concentrations remained constant throughout the study.
Bacterial enumerations and treatment of the transformation kinetics data described previously (9) were used.
RESULTS
Our studies indicate that the esters were readily transformed by the five environmental populations and P. plitida (Tables 1 and 2 ). suggesting a wide occurrence of nonspecific esterases in microorganisms as has been previously reported (18 (Table 2 ). This small difference between the rate constants for transformation of the most lipophilic and least lipophilic compounds of group 2 resulted in using pure cultures so that slight differences among the rate constants for the five compounds could be better defined. The transformation rate constants in the pure culture studies were an order of magnitude lower than in the environmental waters. This phenomenon has been observed previously in our laboratory and other laboratories (2, 11). The microbial transformation rate constant (kh) values among the compounds in Table 2 for P. pitida, however, showed only a threefold difference.
Thin-layer chromatographic analyses of the organic extracts of the samples indicated that the chlorinated carboxylic acids of the esters studied were the major products. Samples were cochromatographed with authentic standards of the acids. Rate constants determined in these studies were for microbial hydrolysis of the parent compounds.
The results of the water solubility experiments are summarized in Table 3 . Two reaction vessels with different quantities of the compound were used to determine solubilities. At 25°C solubilities of the 2,4-D n-alkyl esters had a range of four orders of magnitude, and the ethyl esters with chlorine substituents on the benzene ring had a range of almost five orders of magnitude. The solubility of the 2,4-D octyl ester (0.101 0.01 p.M) was in close agreement with the value of 0.101 + 0.014 FiM reported previously by Perdue and Wolfe (13) . The methyl, butyl, and octyl ester solubilities in Table 3 agreed within a factor of two with the values reported by Zepp et al. (20) . DISCUSSION The magnitude of the transformation rate constants of the 2,4-D esters increased as the alkyl length increased. Few studies (16, 19) relating the hydrophobic properties of a series of congeners to their microbial transformation rate constants have been reported. Yonezawa and Urushigawa (19) reported that the biodegradation rate constants of alcohols by activated sludge increased as the carbon chain length of the alcohol increased from 1-butanol through 1-octanol. A later study by these researchers (16) with di-n-alkyl phthalate esters showed the reverse relationship. As the length of the alkyl group increased, the transformation rate decreased.
The plots of log Ko, versus log kb for environmental populations for the esters of 2,4-D are shown in Fig. 1 . About 94% of the variance in the 2,4-D ester data could be accounted for by the regression analysis; the kb values of 2,4-D esters correlated well with the K0w values. For the chloro-ring-substituted phenoxyacetic ethyl esters, however, only 47% of the data variance could be accounted for by regression of kb on Kow (Fig. 2) . The lack of correlation for the ethyl ester series led us to consider another correlation, that of the pKa of this series on kb. One might expect that as the number of chlorines (electron-withdrawing substituent) on the benzene ring increased, the ester linkage would be more labile to hydrolysis. A correlation coefficient of 0.29, however, was obtained, indicating that electronic effects were not governing the reaction.
If we modify the definition by Hansch and Fujita (4) of the rate-limiting conditions for biological responses to chemicals 
